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Where do AWE Calibration Requirements Come From?
Presentation outline:
• AWE Overview
• AWE Science Objectives
• Calibration Requirements
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Atmospheric Waves Experiment (AWE)

AWE is the first dedicated NASA
mission to investigate global
gravity wave properties in the
upper atmosphere and their
impacts on the ionospherethermosphere-mesosphere (ITM)
How does tropospheric weather
influence space weather?
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Gravity Waves
•

Gravity waves
– Are NOT gravitational waves
– Are atmospheric pressure waves propagating upward and outward. Gravity provides restoring force
– Are Caused by wind over mountains,
thunderstorms, hurricanes, etc.
– Deposit energy and momentum into
upper atmosphere
• Gravity waves can be observed when they
pass through airglow layers

Airglow layer at ~87 km

Logan, Utah

AWE will measure gravity waves using the OH airglow layer
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OH Emission Lines to Temperature Maps
•
•
•

Pressure wave passing through OH layer changes layer temperature and emission line strength
AWE will observe two IR emission lines, which allows determination of OH layer temperature and thus gravity
259.58
wave amplitude
𝑇𝑇 =
𝑃𝑃
𝑙𝑙𝑙𝑙 2.644 12
GW energy and momentum fluxes are derived from temperature maps
𝑃𝑃14

OH(3,1) band emission lines

Temperature map, Logan, Utah
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Ground-based
AMTM
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Atmospheric Gravity Waves

Sentman et al., 2006
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AWE Science Objectives and Questions
Obj 1: Quantify the seasonal and regional variabilities and influences of Gravity Waves (GW) near the
mesopause.
1. What are the spatial and temporal distributions of GWs and their characteristics near the mesopause?
2. What are the GW energy and momentum fluxes into the Mesosphere Lower Thermosphere (MLT)?
Obj 2: Identify the dominant dynamical processes controlling the GWs observed near the mesopause.
3. How well is the AWE GW spectrum captured by high-resolution Global Circulation Models (GCM)?
4. How do lower atmospheric sources and large-scale propagation environments control the observed
GW field?
Obj 3: Estimate the wider role of GWs in the Ionosphere-Thermosphere-Mesosphere (ITM).
5. What are the energy and momentum fluxes of GWs driving the Ionosphere-Thermosphere (IT) from
below?

What are GWs like globally, what causes/affects them (how well modeled?), what are their effects?
SDL/22-2448 Rev. -
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AWE Calibration Requirements
ID

Name

Requirement (abbreviated)

L3-C1

Non-linearity residuals

L3-C2

Absolute Responsivity

L3-C4

Background
Responsivity
Spectral Calibration

L3-C5

Dark levels

L3-C6

Pixel Pointing

Residual uncertainty from non-linearity ≤1% of the signal.
The ratio of absolute responsivities to the P1(2) and P1(4) spectral lines measured to ≤5% accuracy for
the average over all pixels.
The ratio of absolute broadband responsivity in the background and the P1(2) and P1(4) bands
measured to ≤4% accuracy.
RSR measured to an accuracy of ≤2% over the FWHM.
Average dark level over the active pixels known to 20 e- at any given telescope and detector
temperature.
Residual uncertainty after the distortion correction ¼ of a pixel or less.

L3-C7

FPA coalignment

Telescope coalignment (mapping of pixels in one FPA to another) measured to ¼ of a pixel or less.

L3-C8

PRF

L3-C9
L3-C10
L3-C11
L3-C12

Flatfield
Noise
Temp Range
GSE

L3-C3

C2, C3, C5, and C8 are unusual
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PRF measured sufficiently that, after PRF correction, the uncertainty contribution to the temperature
amplitude is <5%.
After flat fielding, the residual uncertainty from non-uniformity ≤2%.
Measure noise during each measurement of dark level and absolute response
Calibrate over expected temperature range of instrument
Provide all GSE required for calibration

Where do these come from?
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AWE Level 1 Requirements
Level 1 Requirements

ID

The AWE mission shall detect atmospheric GWs in the OH airglow layer near 87 km at OH airglow layer temperatures from 150
to 240 K and geolocate these GWs to 30 km (1-sigma). The GW temperature perturbation amplitude shall be measured with a
L1-1 precision of 20% or better for a Gaussian wave packet with a FWHM of 3x the wavelength or greater and:
1. for 30 to 100 km wavelength, a temperature perturbation amplitude of 4.5 K or greater
2. for 100 to 300 km wavelength, a temperature perturbation amplitude of 3.0 K or greater
The AWE mission shall have the capability of measuring (to 1-sigma) GW horizontal wavelengths to 10% accuracy, propagation
L1-2 direction to 15°, wave temperature amplitude to 35%, OH layer average absolute temperature to 10%, and phase speeds to an
uncertainty of 20 m/s.
L1-3 The AWE mission shall make observations of the OH layer over at least the ±45° latitude range.
L1-4 The AWE observations shall be made over 2 years.
The time between repeated observations of a location on Earth visible to the AWE instrument shall be 1 week or less on
average.
L1-6 The AWE mission shall distribute level 0, 1, 2, and 3 data to the science community within 6 months of collection.

L1-5

L1 requirements define the observations that must be made to meet science objectives
What waves to observe, how well, where, how long, how often
SDL/22-2448 Rev. -
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L1-1 Derivation (1)
The AWE mission shall detect atmospheric GWs in the OH
airglow layer near 87 km at OH airglow layer temperatures
from 150 to 240 K and geolocate these GWs to 30 km (1sigma). The GW temperature perturbation amplitude shall be
measured with a precision of 20% or better for a Gaussian wave
packet with a FWHM of 3x the wavelength or greater and:
1. For 30 to 100 km wavelength, a temperature
perturbation amplitude of 4.5 K or greater
2. For 100 to 300 km wavelength, a temperature
perturbation amplitude of 3.0 K or greater

•
•

150 to 240 K encompasses the majority of the range of
expected OH layer temperatures
The ability to observe gravity waves depends on the OH layer
temperature since radiance is lower for lower temperatures

SDL/22-2448 Rev. -

OH temperature distribution
from nighttime SABER
observations in 2015 (±55°
Latitude, 87 km Altitude)
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L1-1 Derivation (2)
The AWE mission shall detect atmospheric GWs in the OH airglow layer near 87 km at
OH airglow layer temperatures from 150 to 240 K and geolocate these GWs to 30 km (1sigma). The GW temperature perturbation amplitude shall be measured with a precision
of 20% or better for a Gaussian wave packet with a FWHM of 3x the wavelength or
greater and:
1.

2.
•

For 30 to 100 km wavelength, a temperature perturbation amplitude of 4.5 K or
greater
For 100 to 300 km wavelength, a temperature perturbation amplitude of 3.0 K or
greater

GWs with wavelengths between ~30 to 300 km account for the dominant energy and momentum inputs into the ITM
– 30 km to 300 km is a range that is poorly understood due to lack of measurement capability

Below 30 km wavelength

Above 300 km wavelength

1. Localized instabilities (not GWs)
Do not carry significant momentum (no significant impact on
2. Ducted GWs (trapped at an altitude), no vertical momentum and energy budget of the MLT)
momentum transport
SDL/22-2448 Rev. -
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L1-1 Derivation (3)
The AWE mission shall detect atmospheric GWs in the OH airglow layer near 87 km at OH airglow
layer temperatures from 150 to 240 K and geolocate these GWs to 30 km (1-sigma). The GW
temperature perturbation amplitude shall be measured with a precision of 20% or better for a
Gaussian wave packet with a FWHM of 3x the wavelength or greater and:
1. For 30 to 100 km wavelength, a temperature perturbation amplitude of 4.5 K or
greater
2. For 100 to 300 km wavelength, a temperature perturbation amplitude of 3.0 K or
greater
•
•

Gravity waves with a temperature amplitude >4.5 K account for >95% of the total observed momentum flux
Longer wavelength waves have greater ability to penetrate into the ITM, so amplitude limit is lower

SDL/22-2448 Rev. -
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L1-3 Derivation
Gravity Wave Sources of Interest

The AWE mission shall
make observations of
the OH layer over at
least the ±45° latitude
range.

Austral Winter / Boreal
Summer (June– Aug.)

Convective
Sources

• This latitude range
allows
observations of
multiple GW
sources of interest
of all types

Jet-Related
Sources

Orographic
Sources

Allows AWE to fly on the ISS
SDL/22-2448 Rev. -

Secondary
GW
Sources
(SGWs)

Intertropical Convergence
Zone (ITCZ)
Central American monsoon
North American monsoon
Atlantic hurricanes
West African monsoon
Indian monsoon
East Asian monsoon
Pacific typhoons
SPCZ
Baroclinic storms
Sub-tropical jet
Stratopause jet
Midlatitude Eddy jet
Midlatitude jet
Andes
Southern Andes hotspot
Drakensberg
Subantarctic Islands
Tasmania
NZ Southern Alps
Stratopause jet SGWs

Boreal Winter / Austral
Summer (Dec. – Feb.)

Intertropical Convergence
Zone (ITCZ)
South American monsoon
African convection
Indian monsoon
Indo Australian monsoon
Australian monsoon
Tropical cyclones
SPCZ
Pacific storm tracks
Atlantic storm tracks
Lee cyclogenesis
Frontogenesis
Subtropical jet
Rockies
Alps
Urals
Zagros
Himalayas
Stratwarm SGWs

Andes SGWs
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ISS
• ISS orbit inclination 51.6°
(Altitude ~420 km)
• Has nadir viewing sites for
external payloads

SDL/22-2448 Rev. -
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Selected AWE Level 2 Requirements
ID

Name

Level 2 Requirement

L2-5

ISS

L2-6

Measurement

AWE will fly on the ISS. The AWE payload shall be designed to make observations from the ISS and comply with ISS
requirements.
AWE shall determine the temperature of the OH airglow layer through measurements of the P1(2) and P1(4) OH emission
lines, and a background within the envelope of the OH(3,1) band emission.

L2-8

Field-of-View

L2-9

Spatial Resolution

L2-10
L2-11
L2-12

The AWE mission shall produce images at least 300 km square at the OH airglow layer at 87 km altitude.

The spatial resolution of the AWE measurements shall be ≤6.5 km cross-track and ≤10.3 km along-track (FWHM) at the
OH airglow layer on-average over the field of view.
Temperature Precision AWE shall have a temperature measurement precision of 10.6 K or better for OH airglow layer temperatures of 150 to
240 K in each 2.5 km square resolution element at the OH layer.
Temperature
AWE shall have temperature measurement accuracy of 10% or better (1 sigma) for the average of all pixels in the field of
Accuracy
view for OH airglow layer temperatures of 150 to 240 K.
Temperature Amplitude AWE shall be capable of measuring the amplitude of a wave in temperature images to 35% (1 sigma).

Level 2 requirements define what the mission must do to make the observations defined by L1 requirements
• L2-5 is a statement that AWE chooses to fly on ISS and will meet ISS requirements
• L2-6 specifies the measurement
• L2-8 is from need to observe 300 km gravity waves
• L2-11 and L2-12 are directly from similar L1 requirements
SDL/22-2448 Rev. -
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L2-9 and L2-10 Derivation
ID
L2-9

Name
Spatial Resolution

Level 2 Requirement
The spatial resolution of the AWE measurements shall be ≤6.5 km cross-track and ≤10.3 km
along-track (FWHM) at the OH airglow layer on-average over the field of view.

L2-10

Temperature
Precision

AWE shall have a temperature measurement precision of 10.6 K or better for OH airglow layer
temperatures of 150 to 240 K in each 2.5 km square resolution element at the OH layer.

These follow from modeling the ability to detect the minimum gravity wave packet specified in L1-1
• The spatial resolution affects ability to observe gravity waves. Obviously need <30 km
• Resolution element matters here since can tolerate more noise in smaller pixels
Hardest case is measuring shortest wave at coldest OH layer temperatures
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AWE Mission Design
• The temperature precision requirement
drives much of the AWE design
– SNR related terms all follow (detector
noise, QE, pixel size, pixel IFOV, focal
ratio, total integration time)
• Need three telescopes to observe P1(2) line,
P1(4) line and background
– 4th telescope is for redundancy and is
used to observe an additional line

• Need to use 2-d arrays and to co-add 30 (shifted) images to achieve signal to noise
– ISS location above OH layer moves 7.5 km/s, which limits integration time to ~1 second
– Instrument continuously collects data
– FOV is 90 degrees full angle
SDL/22-2448 Rev. -
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Source of AWE Calibration Requirements
ID

Name

L3-C6

Non-linearity
residuals
Pixel Pointing

L3-C7

FPA coalignment

L3-C8

PRF

L3-C9

Flatfield

L3-C1

Requirement (abbreviated)
Residual uncertainty from non-linearity ≤1% of the signal.
Residual uncertainty after the distortion correction ¼ of a pixel or less.
Telescope coalignment (mapping of pixels in one FPA to another) measured to ¼ of a pixel or
less.
PRF measured sufficiently that, after PRF correction, the uncertainty contribution to the
temperature amplitude is <5%.
After flat fielding, the residual uncertainty from non-uniformity ≤2%.

• Non-linearity and flatfield residual uncertainty requirements follow from temperature precision requirement
– Non-linearity and flatfield residuals add to noise in coadded image
• Pixel pointing and coalignment uncertainty follow from spatial resolution requirement
– Affect spot size in coadded image
• PRF measurement uncertainty follows from temperature amplitude accuracy requirement
– Broad PRF smears waves and reduces amplitude

SDL/22-2448 Rev. -
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Source of AWE Calibration Requirements
ID

Name

Requirement (abbreviated)

L3-C4

Absolute
Responsivity
Background
Responsivity
Spectral Calibration

L3-C5

Dark levels

The ratio of absolute responsivities to the P1(2) and P1(4) spectral lines measured to ≤5%
accuracy for the average over all pixels.
The ratio of absolute broadband responsivity in the background and the P1(2) and P1(4)
bands measured to ≤4% accuracy.
RSR measured to an accuracy of ≤2% over the FWHM.
Average dark level over the active pixels known to 20 e- at any given telescope and detector
temperature.

L3-C2
L3-C3

•
•

These follow from the absolute temperature accuracy requirement
– L2-11: Temperature measurement accuracy of 10% or better for the average of all pixels in the FOV
All are allocations of this 10% to different uncertainty sources
– If these calibration uncertainties are met, temperature measurement accuracy will be 5%
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Temperature Calculation
The temperature at the OH layer is calculated from
P12, P14, B:
f12, f14:
c12, c14:

𝑇𝑇 =

259.58
𝑙𝑙𝑙𝑙 2.644𝑅𝑅

with 𝑅𝑅 =

𝑐𝑐12 𝑃𝑃12 −𝑓𝑓12 𝐵𝐵
𝑐𝑐14 𝑃𝑃14 −𝑓𝑓14 𝐵𝐵

The P1(2), P1(4), and background band signal in DN after non-linearity correction, dark offset
subtraction, and flatfielding
The ratio of broadband response in the line band to response in the background band, with a
correction for spectral shape of expected sources
Absolute responsivity in the P12 and P14 bands to the spectral line

OH Temp

Ratio

% change in ratio for 10% change in temp

240 K

1.115

10.8%

185 K

1.539

13.3%

150 K

2.135

17.3%
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Source of AWE Calibration Requirements
ID
L3-C2
L3-C4

•
•
•
•

Name

Requirement (abbreviated)

Absolute
Responsivity
Spectral
Calibration

The ratio of absolute responsivities to the P1(2) and P1(4) spectral lines measured to ≤5%
accuracy for the average over all pixels.
RSR measured to an accuracy of ≤2% over the FWHM.

𝑇𝑇 =

259.58
𝑙𝑙𝑙𝑙 2.644𝑅𝑅

with 𝑅𝑅 =

𝑐𝑐12 𝑃𝑃12 −𝑓𝑓12 𝐵𝐵
𝑐𝑐14 𝑃𝑃14 −𝑓𝑓14 𝐵𝐵

L3-C2 is an allocation to uncertainty in the ratio of the c-coefficients (temperature depends on ratio of
responsivities, not the responsivity)
The C-coefficients are responsivities to a spectral line, which is a combination of broadband responsivity and
relative spectral responsivity
L3-C4 is a sub-allocation of a portion of this to relative spectral responsivity
– Leaves 4% for ratio of broadband responsivities
Note: background, P12 and P14 filter center wavelengths are 1521.6, 1.524.2, 1543.3 nm, bandwidths are 2.5,
3, 3 nm
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Source of AWE Calibration Requirements
ID
L3-C3

•
•

Name

Requirement (abbreviated)

Background
Responsivity

The ratio of absolute broadband responsivity in the background and the P1(2) and P1(4)
bands measured to ≤4% accuracy.

𝑇𝑇 =

259.58
𝑙𝑙𝑙𝑙 2.644𝑅𝑅

with 𝑅𝑅 =

𝑐𝑐12 𝑃𝑃12 −𝑓𝑓12 𝐵𝐵
𝑐𝑐14 𝑃𝑃14 −𝑓𝑓14 𝐵𝐵

L3-C3 is an allocation to uncertainty in the f-coefficients
F-coefficients are ratios of broadband responsivities and a correction for expected spectral shape of
broadband sources. Spectral shape of sources does not add significant uncertainty
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Source of AWE Calibration Requirements
ID
L3-C5

Name

Requirement (abbreviated)

Dark levels

Average dark level over the active pixels known to 20 e- at any given telescope and detector
temperature.

𝑇𝑇 =

259.58
𝑙𝑙𝑙𝑙 2.644𝑅𝑅

with 𝑅𝑅 =

𝑐𝑐12 𝑃𝑃12 −𝑓𝑓12 𝐵𝐵
𝑐𝑐14 𝑃𝑃14 −𝑓𝑓14 𝐵𝐵

•

L3-C5 is an allocation to uncertainty in the average dark offset

•

The uncertainty in ratio from an uncertainty in signal is

∆𝑅𝑅
𝑅𝑅

=

2∆𝑆𝑆
𝑆𝑆12 𝑆𝑆14

2
2
𝑆𝑆12
+ 𝑆𝑆14
− 𝑆𝑆12 𝑆𝑆14

– S’s are the (background band subtracted) line signals, ΔS is the uncertainty in signal from whatever source
– Assumes uncertainty in signal is the same in line and background measurements
OH Temp

P12, P14 line
signal in e-

ΔR/R

(ΔR/R) / (ΔT/T)

ΔT/T

240 K

5809,5093

0.53%

1.08

0.49%

185 K

2904,1845

1.3%

1.40

0.93%

150 K

1452, 662

3.7%

1.73

2.1%
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Conclusions
•

•

AWE Calibration requirements have been developed as part of instrument design and requirements flow
down
– Calibration requirements follow from mission needs
Calibration is necessary for the AWE mission
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